Abstract: A novel combination of blue LED chips, transparent glass substrates and phosphors with PDMS thin film is demonstrated. The flipchip bonding technology is applied to facilitate this design. The ZrO 2 nanoparticles are also doped into the PDMS film to increase light scattering. The resultant luminous efficiency shows an 11% enhancement when compared to the regular COG device. The variation of correlated color temperature of such devices is also reduced to 132K. In addition to these changes, the surface temperature is reduced from 121°C to 104°C due to good thermal dissipation brought by ZrO 2 nanoparticles. 154-156 (1999).
Introduction
As the energy resources are dwindling these days, it is important to develop the eco-friendly technologies to promote human being's living. The white light-emitting diodes (LEDs) have been one of the green technologies to replace the conventional incandescent light bulbs [1] [2] [3] . In the past, the vertical contact types of LEDs were the dominant design. However, the poor thermal conductivity and insulating substrate pose difficulties in application [4] . To deal with this issue, flip-chip technology becomes popular in recent years because it can induce high light-extraction efficiency and good heat dissipation [5] [6] [7] . In the flip-chip scheme, an increase of output power can be observed due to the reflector at the bottom and direct bonding of the contact pads which can reduce the shadowing effect [8, 9] . Further investigation of thermal resistance and junction temperature of these flip-chip bonded devices revealed that direct metal contact and less sapphire substrate can really help heat dissipation [10] .
In order to generate the high efficiency white LED, there were many approaches to optimize the performance of the w-LED. One of the important techniques is the application of the nanoscale structures that could increase the light extraction. Delicate designs, such as the sapphire substrate with the high aspect ratio cone-shape, and nano-patterned air voids between the GaN nano-pillars or the overgrown GaN layer [11] , were fabricated on the pattern sapphire substrate to improve the light extraction. In universal, the conventional LED chips were bonded on the opaque substrate to fabricate the SMD (Surface-Mount-Device) type LED package. This type of package can induce certain amount of photon re-absorption such that the degradation of efficiency can be expected. In order to promote the luminous efficiency, the structure of the chip on glass is the good candidate [12, 13] . The highly transparent glass substrate can open up another chance to collect the back-scattered photons and promote the luminous efficiency of the LED. Many results with similar idea have been reported previously. Chien et al. designed a flip glass substrate package to enhance the color bin yield, and Chang et al. promoted the technology of the flip chip bonding on the ITO [14, 15] . However, to use the glass as the substrate would cause the device operating at higher temperature due to the poor thermal conductivity (σ~1 W/mK), and the low emissivity (the value is about 0.8~0.85) of the glass [16] [17] [18] . There were many approaches to resolve this heat dissipation problem such as nanoparticles deployment. In the past, graphene nanoparticles were embedded in the LED package to provide good thermal conduction and extra environment protection [19] . Su et al. also investigated the usage of TiO2-doped silicone layer in the LED package [20] . When it was combined with silicone lens, both light extraction and junction temperature can be improved.
This study generated the high luminous efficiency w-LED by the COG (chip on glass) packaging process. One new material, zirconia nanoparticles, could provide a superior photon scattering ability [21] [22] [23] [24] . At the same time, the use of the zirconia particles could promote the heat radiation and reduce the temperature of the device due to the high emissivity (the value is 0.95) [25] [26] [27] . In this study, ZrO 2 nanoparticles are used with the PDMS film to optimize the performance of the w-LED with the flip chip bonding upon the glass substrate.
Experimental methods
This study demonstrates two kinds of host structures by the use of the zirconia particles to yield the white light chip on glass (COG). One is to mix ZrO 2 directly with phosphor/PDMS slurry and the other is to mix the ZrO 2 with silicone to form a diffusing film and then cover this film on the regular phosphor + LED structure. Figure 1(a) shows the schematic and actual structure photograph of the ZrO 2 embedded phosphor PDMS film combining with the COG structure to yield the w-LED. The ZrO 2 particles are blended with the silicone to form the transparent PDMS film and then covered on the COG structure as shown in Fig. 1(b) . The YAG phosphor film was dispensed on the COG structure and pumped by the blue chips to generate the white light LED as shown in Fig. 1(c) .The fabrication procedure is described as below: First, prepare the LED chips with the wavelength 450nm and flip-chip bond them on the sapphire substrate and covered with the 10wt% YAG phosphor film as the reference sample. Second, mix the zirconia nanoparticles in the silicone slurry and the 10wt% YAG phosphor silicone slurry. Then spin-coat the mixture on the glass and dry it later in order to form the zirconia films. Finally, peel the zirconia/phosphor film from the glass and then put the film on the COG structure with the ZrO 2 of 1wt%, 5wt% and 9wt% to as the Sample1, Sample2, and Sample3, respectively. In the other hand, Sample4, Sample5, and Sample6 are covered by the transparent 1wt%, 5wt% and 9wt% ZrO 2 film on the w-LED device (10wt% phosphor film covered on the COG structure), respectively. Table 1 shows the PDMS films with the different doping concentrations of ZrO 2 particles and phosphors to fabricate the reference sample and Sample1-Sample6. The finished ZrO 2 layer and their mixture with phosphors were inspected by SEM. Figure  2 (a) and 2(b) show the SEM cross section images of the ZrO 2 PDMS film and the YAG phosphor/ZrO 2 film. In these images, the thickness of the transparently ZrO 2 PDMS film is about 260.2µm, the YAG phosphor/ZrO 2 film is about 290µm. Figure 2 (c) shows that the PDMS film used in this experiment with a particle size is average about 300nm. 
Results and discussion
Figure 3(a) shows the spectrum for the reference sample, and other samples with different concentrations of ZrO 2 and phosphors at 80mA of driving current. Furthermore, the CCT and the luminous efficiency are shown in Table 2 . In general, the samples with zirconia particles and phosphors perform better than the reference. If only zirconia particles are presented, proper concentration is needed to enhance the luminous efficiency. The phenomena are caused by the high scatting ability of the ZrO 2 nanoparticles and the improvement results from the better utilization of the blue photons from the LEDs [24] . In order to receive highest lumen efficiency, the best ratio of the ZrO 2 blended phosphor film and the pure ZrO 2 layer is about 1wt% and 5wt%, respectively. However, as the ratio of the zirconia nanoparticles increasing above 5wt%, it can cause lower luminous efficiency because high concentration of the ZrO 2 would led the extra light trapping and re-absorption of the emitted photons and reduce the transmittance of the layer [24, 25] . Figure 3(b) shows the COG structure w-LED sample with and without ZrO 2 layer after 10 minute driving at 80mA. The lumen efficiency of all the COG w-LED samples would decay after driving the devices after 10 minutes. The phenomenon is caused by the poor thermal conductivity and the low emissivity. Due to this low thermal conductivity of the glass substrate, after 10 minutes of electrical driving, the heat dissipation is poor and the package temperature rises accordingly. The lumen efficiency and the CCT of the reference sample and Sample1 to Sample6 after the 10 minutes driving are listed in Table 3 . As shown in Table 3 , the 5wt% ZrO 2 blended phosphor layer with the excellent performance after the time passes. In addition to the spectral intensity change, the efficiency (lumen/watt) of the w-LEDs can be modified after 10 minutes of 80mA continuous arriving. From Fig. 3(c) , all samples show some degradation on efficiency, but the reference ones (without any ZrO 2 ) degrade most, and the amount of degradation drops as the weight percent of ZrO 2 increases. We believe the high emissivity of ZrO 2 particles (0.95) plays an important role on this phenomenon because they can effectively reduce the internal temperature of the package. To verify this conjecture, we need to check the actual temperature of these units. Figure  4(a)-4(d) shows the w-LED with ZrO 2 nanoparticles in operation the surface temperature mapping illustrations. According to the thermal images, the white area represents the maximum surface temperature plotted in the Fig. 4 (e) and 4(f). The surface temperatures shown in the figures were measured after 10 minutes of continuous electrical injection with different configurations, the devices demonstrated various temperatures. The temperature differences between the two groups (Sample 1-3 vs Sample 4-6) rise from the different layout in the COG package. In Sample 1-3, there are two phosphor films with ZrO 2 embedded. However, for Sample 4-6, there is one additional ZrO 2 /silicone layer because the phosphor and ZrO 2 layers are separated. This additional layer can increase the total temperature by 5°C due to poorer heat dissipation in the device. As these results showed, the combination of the ZrO 2 nanoparticles embedded layer can reduce the surface temperature of the w-LED and resolve the poor heat dissipation of the sapphire for the COG structure effectively.
To understand the possible explanation on the measured surface temperature results, the correlation between the packaged material and heat transfer needs to be clarified. It is true that the higher concentration of ZrO2 can lead to more photon trapping and thus potentially more re-absorption and more temperature rising. In a general LED scheme, about 20% of input power turns into optical energy and 80% becomes heat [28] . These 20% of photons will have about 30% of them becomes stray photons and possibly get re-absorbed in the package. So if we just consider the source of this trapped or re-absorbed photons in terms of total input power, 6% at most of extra heat (20% × 30%) can be generated due to this re-absorption. Comparing to the original heat directly from LED chip, this is a far smaller portion. On the other hand, the high emissivity of the ZrO 2 nanoparticles helps the film to relieve from this extra heat generation. From the general theory of heat transport provided in the previous question, the radiation and convection parts are significant when the film to the environment temperature difference is high. Although the number of trapped photons is high, the presence of ZrO 2 can radiate more heat out and thus lower the overall temperature of the package. The surface temperature mapping of the COG structure w-LED combine with the zirconia after the 10 minute driving. The surface temperature diversification of (e) the ZrO 2 nanoparticles with different ratio doping in the phosphor film w-LED samples and (f) the ZrO 2 layer covered on the top of the w-LED samples after the 10 minute driving. Figure 5 shows the CIE 1931 coordinates of the initial and after 10 minutes of continuous driving. The effect of this 10-minute driving in the reference samples can be observed clearly as the CIE coordinates change before and after, which is not desirable for solid state lighting. On the other hand, all other samples show very little change in the CIE 1931 coordinates, which is a good sign and also can be viewed as another indicator of improvement brought by ZrO 2 . Table 4 shows that the thermal conductivity of the phosphor films changed with the application of ZrO 2 nanoparticles. In this table, the thermal conductivity increases as the concentration of the ZrO 2 increases. To consider the full thermal effect in the mixed film, we must include different components in heat transport: the radiation, convection and conduction terms. The effect caused by the thermal conductivity of the phosphor films is very weak in the total heat transfer rate of the LED. The thermal properties between the phosphor/ZrO 2 films and the w-LED can be described by the Eqs. (1)-(4) are calculated using as below [29] :
In these formulas, Q cond , Q rad and Q conv are defined as the thermal conduction, radiation and convection heat transfer rate for the exterior surface of w-LED, respectively. The total heat transfer rate formula of the w-LEDs is calculated as shown in Eq. (4). Where k is the thermal conductivity, A is the surface area, d is the thickness, ɛ is the emissivity, σ is StefanBoltzmann constant, H is the convection heat transfer coefficient, T s and T a is the surface temperature and surround temperature of the device, respectively. By the formula, the main effect for the total heat transfer rate is the combination of the Q conv and Q rad because the influencing factor of the sum for the value: ɛσA (T s + T a ) [ (T s ) 4 + (T a ) 4 ] and ɛσA [(T s ) 4 -(T a ) 4 ] is much larger than the factor of conduction heat transfer rate: kA (T s -T a )d −1 . As the result, the radiation and convection terms are dominant in heat transfer and the emissivity ( ) is more important than the thermal conductivity. Figure 1 shows the simulation results of the COG structure covered with the different emissivity materials and refers from the Eqs. (1)- (4) by the Flow simulation software. All the factors of the total thermal properties have been considered, such as the surface area, thermal conductivity, and emissivity.
To verify the assumption of emissivity of ZrO 2 on the package temperature, we set up a numerical environment to simulate the outcome. Figure 6 shows the simulation results of the COG structure covered with the different emissivity materials refers from the Eqs. (1)- (4) by the Flow simulation software. The simulation is executed based on the structure in Fig. 6(a) , covered with the thin film mixing with the different concentration (0wt%, 49wt%, 99wt%) of ZrO 2 particles to produce the silicone thin films with the different emissivity(0.7, 0.85, 0.95), respectively. Figure 6(b)-6(d) shows the thermal image of the COG structure covered by the thin film and the temperature of the chip is about 96.7°C (emissivity 0.7), 94.4°C(emissivity 0.85), and 92.8°C(emissivity 0.9), respectively. From our calculation, the surface temperature reduces significantly when the emissivity of the composite film increases and other parameters are kept the same. The color uniformity of the w-LED can be evaluated by the deviation of correlated color temperature (ΔCCT) which is defined as the difference between the CCT(max) and the CCT(min) [24] Beside the nice heat dissipation ability, the ZrO 2 nanoparticles are also known for the excellent scattering capability which can improve the uniformity of the CCT [30] . As shown in Fig. 7 , the diagram shows the Sample1 to Sample6 with angular distribution of CCT at the current of 80 mA. The CCT deviations for the reference sample, the phosphor and ZrO 2 nanoparticles blended PDMS COG w-LEDs (Sample1 to Sample3) is about 420K, 336K and 162K, and the other w-LED samples with the additional the transparent ZrO 2 PDMS layer (Sample4 to Sample6) is about 833K, 721K and 434K, respectively. As these results, the use of ZrO 2 nanoparticles embedded PDMS film can improve the color uniformity of the w-LED, and the phosphor films doped by ZrO 2 nanoparticles are perform better than the samples with the additional transparent ZrO 2 PDMS layer. The reason is that the zirconia particles in the phosphor film have a smoother angular-dependent CCT distribution than the ZrO 2 nanoparticles embedded in the PDMS film on the surface of the phosphor layer, because which can provide an effective scattering to the excite the around phosphor particles. The haze intensity image permit the doped phosphor films are with the excellent diffuse ability than the covered of the additional transparent ZrO 2 PDMS layers on the phosphor films as shown in Fig. 7(b) However, that would influence the CCT deviations when the concentrate of the ZrO 2 nanoparticles increase more than 9%, the best ratio is about 5%. 
Conclusion
This study demonstrates a highly efficient design of w-LED with COG structure and ZrO 2 PDMS films. The w-LED can obtain the least CCT deviations (132K) in the case of the 5wt% ZrO 2 blended phosphor film and the use of the ZrO 2 film can improve the color uniformity of the w-LED effectively. The phosphor film blended of the 1wt% zirconia particles can improve the luminous efficiency of the w-LED and achieve a 11% enhancement than the COG w-LED without the ZrO 2 film covered. The ZrO 2 blended phosphor film and pure ZrO 2 film can reduce the surface temperature of the COG w-LEDs from 120°C to the 110°C and the ZrO 2 blended phosphor film is more effective than the pure ZrO 2 film in terms of thermal dissipation. The high emissivity of ZrO 2 can help on this heat dissipation and this is verified via simulation and experiments. In conclusion, it is very useful to resolve the heat dissipation problem and improve the lumen efficiency by the combination of the ZrO 2 PDMS films with the COG structure w-LEDs.
